The objective was to investigate increasing concentrations of an evolved microbial phytase on male broiler performance, tibia bone ash, AME, and amino acid digestibility when fed diets deficient in available phosphorus (aP). Experiment 1 evaluated the effects of phytase during a 21 d battery cage study and Experiment 2 was a 42 d grow-out. Experiment 1 included six treatments; negative control (NC) with an aP level of 0.23% (starter) and 0.19% (grower), two positive controls (PC) consisting of an additional 0.12% and 0.22% aP (PC 1 and PC 2), and the NC supplemented with three levels of phytase (250, 500, and 2,000 U/kg). The NC diet reduced (P < 0.05) FC, BW, and bone ash. Phytase increased (P < 0.05) BW with 2,000 U/kg phytase yielding similar results to the PC2, and improved FCR and increased bone ash was observed at all phytase levels. Amino acid digestibility coefficients were increased (P < 0.05) with phytase at 250 U/kg. Phytase at all rates increased (P < 0.05) AME to levels similar level as PC diets. Linear regression analysis indicated average P equivalency values for BW and bone ash of 0.137, 0.147, and 0.226 for phytase inclusion of 250, 500, and 2000 U/kg, respectively. Experiment 2 included a PC consisting of 0.45%, 0.41%, and 0.38% aP for the starter, grower, and finisher, respectively; NC with reduced aP of 0.17%; and phytase at 500 and 2,000 U/kg. Phytase increased BW (P < 0.05) compared to the NC as 2,000 U/kg phytase resulted in further BW increases compared to the PC (starter and grower). Phytase improved FCR to levels comparable to the PC, with supplementation at 2,000 U/kg resulting in improvements beyond the PC in the starter phase. Amino acid digestibility coefficients were increased with phytase at 2,000 U/kg to levels comparable to that of the PC. These data confirm that the inclusion of phytase improves broiler performance and bone mineralization in aP reduced diets and levels beyond the traditional 500 U/kg can result in further improvements.
INTRODUCTION
Poultry feeds utilize high proportions of corn and soybean meal (SBM) in the United States due to their abundance and perceived high nutritional quality. However, although low in overall anti-nutritional components, such as non-starch polysaccharides, roughly twothirds of phosphorus (P) in mature cereal grains and oilseeds is present as phytic acid (Cheryan, 1980; Eeckhout and de Paepe, 1994; Harland and Oberleas, 1999; Adeola and Sands, 2003) . Monogastrics such as poultry lack the necessary endogenous enzymes to properly hydrolyze phytic acid, leaving much of the organic phosphorus within grains and oilseeds unavailable to the bird (Adeola and Sands, 2003; Dilger et al., 2004) . In-C 2016 Poultry Science Association Inc. Received February 8, 2016 . Accepted May 9, 2016. 1 Corresponding author: jlee@poultry.tamu.edu creases in feed cost become unavoidable due to large amounts of inorganic phosphorus added to diets to account for the P requirement by the bird.
Phytase, a naturally occurring enzyme, has the capability to improve phosphorus availability through hydrolysis of bound P when included in monogastric diets (Broz et el., 1994; Coelho and Kornegay, 1996; Kornegay et al., 1996; Dilger et al., 2004) . However, naturally occurring phytases have room for improvement as a feed additive (Greiner and Konietzny, 2011) . Inclusion of exogenous phytase to poultry diets offers an opportunity to improve the digestibility of phosphorus via liberating the phytate-bound phosphorus. A 6-phytase dephosphorylates nutrient-binding myo-inositol hexakisphosphate beginning at the phosphate group at position 6 (Greiner et al., 2000) , allowing for previously bound nutrients to be released for utilization by the bird. This in turn allows for reductions in the use of expensive inorganic phosphorus and increases the utilization of phytic acid as an available phosphorus (aP) source. Reductions in aP in broiler diets have detrimental effects on performance and mineral utilization. Broilers fed reduced aP diets have been observed to have reduced final BW, feed conversions/efficiency, nutrient utilization, and bone mineralization (Shirley and Edwards, 2003; Dilger et al., 2004; Cowieson et al., 2006; Olukosi et al., 2007) . The use of phytase in low aP diets benefits utilization of bound P (Coweison et al., 2006) , and has been observed to improve weight gain, bone ash percentages, and nutrient utilization in broilers (Shirley and Edwards, 2003; Dilger et al., 2004; Cowieson et al., 2006; Olukosi et al., 2007; Gurbuz et al., 2009 ). These benefits have been observed in a range of doses from 300 to 600 U/kg of phytase in diets, with the industry adopting a uniform inclusion level around 500 U/kg mark (Shirley and Edwards, 2003) .
Although phytase inclusion has been shown to ameliorate the effects of low aP diets, the question remains if there are further benefits provided by phytase inclusion at higher levels beyond P retention and more consistent results regarding nutrient release. It has been suggested that phytase inclusion beyond the industry standard is necessary to make nearly 95% of the phytate P in a corn−SBM diet available (Karaman et al., 2004; Shirley and Edwards, 2003) . This "higher" dosing of phytase has been researched to evaluate the effects of phytase when supplemented at greater levels beyond the industry standard. Super dosing is thought to not only increase phytic acid hydrolysis and phytate P utilization, but overall utilization of all dietary nutrients to improve performance (Shirley and Edwards, 2003) . Additional utilization of bioavailability of proteins, lipids, carbohydrates, and minerals, including Ca2+, Cu2+, and Zn2+, can occur due to the increased hydrolysis of phytate (Ravindran et al., 1995; Olukosi et al., 2007) . The benefits of higher dosing has been researched, with reported benefits through increased N and amino acid retention, amino acid digestibility, and improvements in AMEn utilization when phytase was included from 1,000 FTU/kg to as high as 12,000 in low aP diets (Shirley and Edwards, 2003; Dilger et al., 2004; Olukosi et al., 2007) . The objective of the current experiment was to evaluate the effect of an evolved 6-phytase product at increasing levels in broiler diets on broiler performance, bone mineralization, and nutrient digestibility.
MATERIALS AND METHODS

Enzyme Characterization
Sample Preparation. Small scale fermentation and/or granulated phytase product extracts were purified by Fast Protein Liquid Chromatography using a Hi-Trap Q-HP column (GE Healthcare Life Sciences, Marlborough, MA). Fractions containing the phytase were dialyzed in 100 mM Na-Acetate (pH 5.5).
Phytase Activity Assay. Phytase assay is used to determine the activity of the phytase enzyme releasing phosphate from the sodium phytate substrate (Sigma -P0109) solution (adapted from AOAC 2000.12) . The assay reaction is prepared by adding 50 μL of enzyme sample to 950 μL of the pre-heated (37
• C) substrate solution (100 mM Na-Acetate, pH 5.5, 0.2 to 5.1 mM Phytic Acid). Fifty μL aliquots of the reaction were taken over a time course and immediately mixed 1:1 in a 96-well microtiter plate with a colorimetric stop solution. Following the last time point, color development of the quenched samples is allowed to proceed for 15 minutes prior to taking an Optical density (OD) 415nm measurement on a 96-well plate reader. The percentage activity at different phytic acid concentrations is determined by comparison of the activity from phytase assay at 5.1 mM phytic acid.
Simulated Gastric Fluid (SGF) Challenge. Purified phytase (50 μL) is mixed and incubated in an Eppendorf tube with 950 μL of pre-heated (37
• C) SGF containing 10 U/mL of pepsin (Sigma P-6887) at pH 1.2 (US Pharmacopoeia, 2000) . The SGF challenge is quenched by neutralizing aliquots over a time course by removing 100 μL aliquots and mixing in a separate Eppendorf tube containing 35 μL of 200 mM NaHC0 3 . Following the time course sampling, neutralized samples are measured for activity and compared to a control sample treated under non-challenge SGF conditions (100 mM Na-Acetate, pH 5.5). The percentage of residual activity is based on activity from phytase assay (4 mM phytic acid, pH 5.5) plotted over time.
Animal Experiments
Experimental Design. Two consecutive experiments were conducted to evaluate the effect of a novel phytase (CIBENZA PHYTAVERSE G10; evolved 6-phytase) in diets deficient in aP during a 21 d battery study (Experiment 1) and a 42 d grow-out period (Experiment 2). Phytase was included at levels of 0, 250, 500, and 2,000 U/kg in Experiment 1 and at 0, 500, and 2,000 U/kg in Experiment 2. One unit (U) of phytase is defined as the amount of enzyme that catalyzes the release of one micromole phosphate from phytate per minute at 37
• C at pH 5.5 in accordance to the assay. Animal experiments were conducted under the Texas A&M University guidelines for animal care under an approved animal use protocol (IACUC). Broilers were provided age appropriate supplemental heat and ventilation and given access to feed and water ad libitum.
Experiment 1. A 21 d battery study was conducted to determine the effects of increasing levels of phytase in diets deficient in aP. On d of hatch, 576 Cobb 500 male broilers were weighed, wing banded, and allotted to battery cages. Eight broilers were placed per replicate pen, with 12 replicate pens per treatment, for a total of 72 pens. Three control groups with varying levels of aP were utilized during the experiment. A negative control (NC) was formulated with an aP of 0.23% and 0.19% in the starter and grower rations, respectively. A 0.12% increase in aP from the NC was formulated for positive control one (PC1); and the third treatment was considered as a second positive control (PC2) diet, and was formulated to contain an additional 0.22% in aP from the NC diet.
Mortalities were collected, recorded, and weighed daily. Broilers and feed were weighed weekly on d 7, 14, and 21 for the calculation of body weight (BW) and mortality corrected feed conversion ratio (FCR). Fecal material was collected for 24 h on d 20 for the determination of total tract AME. On d 21, all remaining birds were euthanized, with right tibias were removed for the determination of bone ash. Ileal contents were also removed and pooled per replicate pen for the determination of amino acid digestibility.
Experiment 2. Following the battery experiment a 42 d grow-out trial was conducted to determine the effects of phytase inclusion at two levels in aP deficient diets. On d of hatch, 1,760 male broilers were weighed, wing banded, and allotted to floor pens and treatment based on initial body weight. Forty broilers were placed per replicate pen, with 11 replicate pens per treatment, for a total of 44 replicate pens. A positive control diet was formulated to contain an aP of 0.45, 0.41, and 0.38% during the starter, grower, and finisher phases, respectively. An aP deficient diet was then formulated with a 0.17% reduction in aP from the positive control (PC) during each dietary phase.
Mortalities were collected, recorded, and weighed daily. Broilers and feed were weighed on d 14, 28, and 42 (at the end of each dietary phase) for the determination of BW and calculation of FCR. On d 42, six birds per replicate pen were euthanized, with right tibias removed for the determination of bone ash. Ileal contents were also collected for the determination of amino acid digestibility.
Experimental Diets. Each experiment contained diets both deficient and sufficient in aP, and meeting the other nutrient specifications in Tables 1 and 2 . Diets were corn−SBM based and contained supplemental fat. Titanium dioxide was included at 0.4% of the diet, at the expense of corn, in the final dietary phase of each experiment and used as an indigestible marker for the determination of nutrient digestibility. Positive control diets were manufactured individually for each experiment to eliminate the possibility of cross contamination of NC diets. In each experiment, one large basal NC diet was manufactured for each dietary phase to eliminate nutrient variability between treatments and divided into equal parts for phytase inclusion. Phytase was included over the top to the basal diet during mixing and prior to pelleting. Experiment 1 utilized phytase at 250, 500, and 2,000 U/kg; Experiment 2 consisted of supplemental phytase at 500 and 2,000 U/kg. In Experiment 1, broilers were fed a starter diet from d 0 to 14 and a grower from d 15 to 21. Experiment 2 included a starter diet from d 0 to 14, a 1 Control diets were adjusted for both Ca and npp (non-phytate phosphorus) to meet the needs of birds depending on phase (starter/grower). Both Positive control diets were adjusted for both Ca and npp (nonphytate phosphorus) to meet the needs of birds depending on phase (starter or grower). Limestone and dicalcium phosphate were added to achieve an available phosphorus and calcium level of 0.45% aP in PC2 Starter, 0.41% aP in PC2 Grower, 0.35% aP in PC1 Starter, 0.31% aP in PC1 Grower. The calculated levels of available calcium were 0.93% in the starter diet and 0.84% in the grower diet.
2 Enzyme recovery analysis for the starter phase was 354, 491, 2,059 U/kg for target levels of 250, 500, and 2,000 U/kg, respectively.
3 Enzyme recovery analysis for the grower phase was 270, 412, and 1,738 U/kg for target levels of 250, 500, and 2,000 U/kg, respectively. grower from d 15 to 28, and a finisher from d 29 to 42. For both experiments, mash feed was steam conditioned for 20 s and pelleted at 85
• C, with temperatures monitored within the conditioner and as the feed exited the pelleter. Grower and finisher feeds were fed as a pellet; starter feeds were crumbled post pelleting. Pelleted samples of all diets and treatments were and inorganic phosphorus was added to the NC diet to generate dietary treatments (Experiment 2). Analyzed phytase recovery was 520, 430, and 430 for target phytase level of 500 U/kg for the starter, grower, and finisher phases, respectively. Analyzed phytase recovery was 2,200, 2,000, and 2,100 for target phytase level of 2,000 U/kg for the starter, grower, and finisher phases, respectively.
1 Control diets were adjusted for both Ca and npp (non-phytate phosphorus) to meet the needs of birds depending on phase (starter/grower/finisher). The Positive control diet was adjusted for both Ca and npp (non-phytate phosphorus) to meet the needs of birds depending on phase (starter or grower). Lime stone and dicalcium phosphate was added to achieve an aP of 0.45% aP in the Starter, 0.41% aP in the Grower, and 0.38% aP in the Finisher. The levels of available calcium were 0.93% PC1 Starter, 0.84% Grower, and 0.77% in the Finisher.
2 Enzyme recovery analysis for the starter phase was 520 and 2,000 U/kg for target levels of 500 and 2,000 U/kg, respectively.
3 Enzyme recovery analysis for the grower phase was 430 and 2,000 U/kg for target levels of 500 and 2,000 U/kg, respectively.
4 Enzyme recovery analysis for the finisher phase was 430 and 2,100 U/kg for target levels of 500 and 2,000 U/kg, respectively.
5 Vitamin premix added at this rate yields per kg diet 11,023 IU vitamin A, 3,858 IU vitamin D 3 , 46 IU vitamin E, 0.0165 mg B 12 , 5.845 mg riboflavin, 45.93 mg niacin, 20.21 mg d-pantothenic acid, 477.67 mg choline, 1.47 mg menadione, 1.75 mg folic acid, 7.17 mg pyroxidine, 2.94 mg thiamine, 0.55 mg biotin. The carrier is ground rice hulls.
6 Trace mineral premix added at this rate yields per kg of diet 149 mg manganese, 125 mg zinc, 17 mg iron, 7 mg copper, 1.0 mg iodine, a minimum of 6.27 mg calcium, and a maximum of 8.69 mg calcium. The carrier is calcium carbonate and the premix contains less than 1% mineral oil.
7 Active drug ingredient monensin sodium, 90 g/lb (90 g/ton inclusion; Elanco Animal Health, Indianapolis, IN). As an aid in the prevention of coccidiosis caused by Eimeria necatrix, Eimeria tenella, Eimeria acervulina, Eimeria brunetti, Eimeria mivati, and Eimeria maxima.
8 Phytase activity was determined after pelleting. No activity was recorded in the PC and little to no activity in the NC. Target values of 500 and 2,000 U/kg were met in all dietary phases for both treatments.
collected and analyzed for nutrient content and phytase recovery (Tables 1 and 2 ). Crude protein was determined by combustion (AOAC method 990.03); ADF was determined using an Ankom digestion unit (AOAC method 973.18); and an ether extraction method was used to determine crude fat (AOAC method 920.39). The activity of phytase was determined by modified AOAC 2000.12.
Bone Ash. At the conclusion of each experiment, right tibias were collected and pooled per replicate pen (Experiment 1 -all birds per replicate; Experiment 2 to 6 birds per replicate) for the determination of bone ash weight and percentage. Tibia ash was determined on fat free dry matter basis. Bones were dried at 105
• C for 24 h and then ashed at 600
• C for 24 h. Bones were weighed pre and post ashing.
Nutrient Digestibility. Apparent metabolizable energy and amino acid digestibility were determined at the conclusion of Experiment 1 and amino acid digestibility was determined at the conclusion of Experiment 2, using titanium dioxide as an indigestible marker. Ileal contents were removed from four centimeters posterior to Meckel's Diverticulum and four centimeters anterior to the ileal-cecal junction and pooled per replicate pen. Samples were freeze dried prior to analysis. Samples were then ground for amino acid and titanium concentration determination.
Titanium concentration was determined using a modified protocol outlined by Short et al. (1996) . For this procedure, half a gram of each dried sample was weighed and ashed. Following ashing, each sample was titrated with 10 mL of sulfuric acid (7.4 M) and then boiled at 200
• C for 2 hr until dissolved. Samples were then titrated with 20 mL of 30% hydrogen peroxide, and brought to 100 mL using distilled water. Samples were then analyzed for absorption using a Thermo Fisher Scientific Genesys 10S UV-Vis (Model 10S UV-Vis) Spectrophotometer (Thermo Fisher Scientific, Waltham, MA) at 410 nm. Gross energy of feed, ileal, and fecal samples were determined using a Parr 6400 bomb calorimeter (Parr Instrument Company, Moline, IL). Apparent metabolizable energy was determined using the following equation:
Gross energy of feed − (gross energy of feces × (feed titanium/fecal titanium))
The feed and ileal digesta amino acids were analyzed using ion-exchange chromatography with post column derivatization with ninhydrine using a Hitachi amino acid analyzer at the Novus International, Inc. Analytical Lab, Saint Charles, Missouri following acid (6 N HCl) hydrolysis for 22 h at 110
• C. Methionine and Cysteine were quantified after oxidizing samples with performic acid hydrolysis. Alkaline hydrolysis was carried out for Tryptophan followed by reverse phase high-performance liquid chromatography. Relative phytase activity of wild type (wt) and evolved 6-phytase (EP) using an AOAC assay modified for high throughput micro titer plate screening. Analysis was performed on substrate concentrations between 0.2 mM to 5.1 mM phytic acid at pH 5.5. Relative activity of phytases are compared to AOAC industry standard concentration of 5.1 mM (100% activity).
Statistical Analysis
Body weights, feed consumption, FCR, bone ash, AME, and AA digestibility were analyzed via Analysis of Variance (ANOVA) using the General Linear Model Procedure using SPSS V 22.0 (2015) . Mortality data was subjected to an arc sin transformation prior to analysis. Means were deemed significantly different at P ≤ 0.05 and separated using Fishers Least significant difference. The experimental unit for each trait evaluated was pen. Phosphorus equivalency values were determined via linear regression analysis for Experiment 1.
RESULTS
Enzyme Characterization
A naturally occurring wild type E. coli 6-phytase (wt) was evolved using high throughput Gene Site Saturated Mutagenesis (GSSM), in a similar manner as described by Garret et al. (2004) . The mutations were then combined by Gene Reassembly evolution technology, an example is discussed in detail by Solbak et al. (2005) , to evolve a phytase molecule that has the best synergistic combinations of point mutations which were identified in the GSSM screen. The outcome of the evolution campaign resulted in a unique evolved 6-phytase (EP) molecule (CIBENZAPHYTAVERSE G10), that has the properties to be more efficient at unlocking phytate bound phosphorus and mitigating phytate's antinutritive properties.
The biochemical analysis of this evolved 6-phytase reveals that this novel molecule has improved performance in low substrate concentrations (Figure 1 ) compared to the wild type phytase. This is a preferred characteristic for efficiently reducing phytate in vivo as the substrate concentration drops due to continuous enzymatic hydrolysis in the upper digestive tract by the supplementary phytase.
A SGF challenge study shows that the evolved phytase has intrinsically greater SGF stability, a tolerance Relative phytase activity of wild type (wt) and evolved 6-phytase (EP) after a Simulated Gastric Fluid (SGF) challenge. Residual activity analysis was performed using modified AOAC assay (4 mM phytic acid pH 5.5) after SGF challenge; relative activity of phytase time points are compared to a pre-quenched control.
to low pH and pepsin degradation, as observed over a 20 minute time course compared to the naturally occurring 6-phytase (Figure 2 ). The implication of the evolved phytase being resistant to proteolysis in conditions similar to the proventriculus/gizzard suggest that improved phytate hydrolysis can occur to a greater extent in the broiler upper GI tract, where the majority of phytate hydrolysis occurs when supplemented with a exogenous phytase (Zeller et al., 2015) .
Animal Experiment 1
Throughout the experiment, the P deficiency in the NC diet resulted in a lower (P < 0.05) BW compared to the PC diets containing 0.35% (PC1) and 0.45% (PC2) aP (Table 3) . A difference was observed between PC1 and PC2 with PC1 yielding a lower (P < 0.01) BW throughout the experiment. Supplementing the P deficient diet with phytase increased (P < 0.05) BW throughout the experiment compared to the NC diet. On d 7, the addition of phytase to the P deficient diet improved (P < 0.05) BW compared to the NC and PC1 to levels that were similar to the PC2. On d 14, supplementing the NC diet with phytase at 500 or 2,000 U/kg improved (P < 0.05) BW to a level equal to the PC1 + phytase at 2,000 U/kg, yielding similar results to the PC2 diet. At the end of the experiment on d 21, supplementing the NC diet with phytase at 250 and 500 U/kg improved (P < 0.05) BW to levels that were comparable to the PC1 diet. Supplementing the NC with phytase at 2,000 U/kg increased (P < 0.05) BW to levels that were similar to the PC2. A linear relationship (P < 0.001) was observed between BW and phytase inclusion; BW increased as phytase inclusion increased in P deficient diets. The NC diet fed broilers had the highest observed mortality rate while the addition of phytase above 250 U/kg and inorganic phosphate in the PC 1 and PC2 diet decreased (P < 0.05) the mortality rate.
Reductions in dietary aP increased (P < 0.05) FCR throughout the experiment compared to PC1 and PC2; Table 3 . Average body weight, mortality corrected feed conversion ratio (FCR), mortality, feed consumption, bone mineralization, AME, and P equivalency values of male Control diets were adjusted for both Ca and npp (non-phytate phosphorus) to meet the needs of birds depending on phase (starter/grower). The Negative Control diet had an aP level of 0.23 and 0.19 for the starter and grower phase, respectively. Both Positive control diets were adjusted for both Ca and npp (non-phytate phosphorus) to meet the needs of birds depending on phase (starter or grower). Limestone and dicalcium phosphate were added to achieve an available phosphorus and calcium level of 0.45% aP in PC2 Starter, 0.41% aP in PC2 Grower, 0.35% aP in PC1 Starter, 0.31% aP in PC1 Grower. The calculated levels of available calcium were 0.93% in the starter diet and 0.84% in the grower diet.
2 CIBENZA PHYTAVERSE G10, Novus International, St. Charles, MO.
no impact on FCR was observed between PC1 and PC2 throughout the experiment when marginally reducing aP (Table 3) . Supplementing the NC diet with phytase at all levels reduced (P < 0.05) FCR through d 7 compared to positive control diets (PC1 and PC2). Through d 7 and d 14, supplementing the NC diet with phytase at all inclusion levels reduced (P < 0.05) FCR to levels that were comparable to the PC1 and PC2 diet; however the inclusion of phytase at 2,000 U/kg (P < 0.05) reduced FCR further and equivalent to the PC2, yielding the lowest observed FCR throughout the trial. The reduction in dietary aP in the NC diet increased (P < 0.05) mortality compared to the positive control diets (PC1 and PC2) at the conclusion of the trial. The inclusion of phytase at 500 and 2,000 U/kg did not impact mortality compared to the PC1 and PC2 diets; however birds receiving phytase at 250 U/kg had the second highest mortality percentage yielding similar results to the NC and PC1 diets. Linear regression analysis determined that a linear relationship (P < 0.05) was present between FCR and phytase inclusion; FCR decreased as phytase levels increased in P deficient diets.
Reducing dietary aP negatively influenced daily feed consumption (FC; Table 3 ). Reducing aP to 0.23% in the NC reduced FC compared to PC1 and PC2 throughout the experiment. Similarly, the reduction in aP from 0.45% to 0.35% reduced (P < 0.05) cumulative starter FC through d 14 and cumulatively at the end of the experiment through d 21. Through d 7, the inclusion of phytase at all inclusion levels increased FC to levels of the positive control diets (PC1 and PC2). Cumulatively through d 14 and d 21, the inclusion of phytase at 250 and 500 U/kg increased (P < 0.05) FC compared to the NC to levels that were similar to the PC1 diet; the inclusion of phytase at 2,000 U/kg increased (P < 0.05) FC compared to the PC1 and to levels that were comparable to the PC2 diet. Similar to BW and FCR, a linear relationship (P < 0.05) was observed between FC and phytase inclusion; as phytase supplementation increased, FC was also increased. The reductions in aP in the NC diet resulted in a decrease (P < 0.05) in bone ash weight and percent compared to the PC1 and PC2 diets. The reduction of dietary aP from 0.45% in (PC2) to 0.35% (PC1) reduced (P < 0.05) bone ash weight and percent. Supplementing the aP deficient diet with phytase increased (P < 0.05) bone ash weight compared to both the NC and PC1; however inclusion of phytase at 2,000 U/kg increased bone ash weight to levels that were similar to the PC2. The inclusion of phytase at 250 and 500 U/kg increased bone ash percent to levels that were similar to the PC1 diet; however the inclusion of phytase at 2,000 U/kg increased (P < 0.05) bone ash percent to levels that were comparable to the PC2 diet. Apparent metabolizable energy (AME) was determined on d 21. The reduced aP in the NC diet reduced (P < 0.05) AME compared to both positive control diets (PC1 and PC2). No difference was observed between the PC1 and PC2. The inclusion of phytase at all inclusion levels in the low aP diets increased (P < 0.05) AME to levels of the positive control diets. As phytase inclusion increased in P deficient diets, a linear increase was observed in bone mineralization (P < 0.001) and AME (P = 0.023).
Linear regression analysis was conducted to determine P equivalency values for body weight gain, tibia bone ash weight, and tibia bone ash percent (Table 3) . The P equivalency values for body weight gain for 250 U/kg, 500 U/kg, and 2000 U/kg are 0.15%, 0.16%, and 0.23%, respectively. Similarly, the P equivalency values for tibia ash percent are 0.12%, 0.13%, and 0.21% for phytase inclusion of 250 U/kg, 500 U/kg, and 2,000 U/kg, respectively. Similar trends were observed in tibia bone ash weight. An increase (P < 0.05) in P release was observed with phytase inclusion of 2,000 U/kg for body weight gain, tibia bone ash weight and percent compared to the 250 and 500 U/kg.
Amino acid digestibility was measured at the conclusion of the trial on d 21 (Table 4 ). The reduction of dietary aP in the NC diet reduced (P < 0.05) the digestibility coefficients of all amino acids measured compared to the PC1 and PC2. The inclusion of phytase at all inclusion levels increased (P < 0.05) the digestibility coefficient of tyrosine compared to the NC to levels that were similar to both positive control diets. The inclusion of phytase at 250 U/kg increased (P < 0.05) the digestibility coefficient of all measured amino acids compared to the NC to levels that were similar to both the PC1 and PC2. The inclusion of phytase at 500 U/kg increased (P < 0.05) amino acid digestibility coefficient of aspartic acid, cysteine, glycine, lysine, methionine, phenylalanine, proline, serine, and Total nonessential amino acids (TNEAA) to levels that were comparable the PC1. Phytase inclusion at 500 U/kg increased the digestibility coefficient of alanine, arginine, glutamic acid, histidine, isoleucine, leucine, Total sulfur amino acids (TSAA), threonine, tryptophan, valine, total essential amino acids (TEAA), and total amino acids (TAA) to levels that were similar to the PC1 however, not statistically different from the NC diet. Phytase inclusion at 2,000 U/kg in the reduced aP diets increased (P < 0.05) the digestibility coefficient of arginine, aspartic acid, and glutamic acid compared to the NC to levels that were similar to the PC1 and PC2. The inclusion of phytase at 2,000 U/kg increased (P < 0.05) the digestibility coefficient of cysteine, glycine, lysine, phenylalanine, proline, and serine compared to the NC to levels that were similar to the PC1 however, did not reach levels of the PC2. The digestibility coefficient of alanine, histidine, isoleucine, leucine, methionine, TSAA, threonine, valine, TEAA, TNEAA, and TAA yielded similar results as the PC1 with phytase inclusion at 2,000 U/kg, however did not differ from the NC diet.
Animal Experiment 2
Similar to the results of Experiment 1, the reduction in dietary aP resulted in reduced (P < 0.05) BW throughout the experiment compared to the PC (Table 5 ). However, inclusion of phytase was able to a-c Means in columns with different superscripts differ significantly at P ≤ 0.05. 1 Control diets were adjusted for both Ca and npp (non-phytate phosphorus) to meet the needs of birds depending on phase (starter/grower). The Negative Control diet had an aP level of 0.23 and 0.19 for the starter and grower phase, respectively. Both Positive control diets were adjusted for both Ca and npp (non-phytate phosphorus) to meet the needs of birds depending on phase (starter or grower). Limestone and dicalcium phosphate were added to achieve an available phosphorus and calcium level of 0.45% aP in PC2 Starter, 0.41% aP in PC2 Grower, 0.35% aP in PC1 Starter, 0.31% aP in PC1 Grower. The calculated levels of available calcium were 0.93% in the starter diet and 0.84% in the grower diet. recover the deficiency of aP, with increases (P < 0.05) in BW being observed compared to the NC throughout the experiment. On d 14, inclusion of phytase at 500 U/kg improved BW to levels that were comparable to the PC diet; however phytase inclusion at 2,000 U/kg increased (P < 0.05) BW to a level higher than both the NC and PC diet. At d 28 of age, the inclusion of phytase at 500 U/kg increased (P < 0.05) BW compared to the NC, however remained below that of the PC diet. The inclusion of phytase at 2,000 U/kg increased (P < 0.05) BW to a level higher than both the NC and PC diet. At the conclusion of the trial on d 42, the inclusion of phytase at 500 U/kg increased (P < 0.05) BW compared to the NC diet, however did not reach levels of the PC. Phytase inclusion at 2,000 U/kg increased (P < 0.05) BW to levels that were comparable to the PC and higher than that of the 500 U/kg supplementation. Linear regression analysis determined that a linear relationship (P < 0.001) was present between BW and phytase inclusion; as the phytase inclusion increased in the P deficient diets BW was increased.
Reducing the aP in the NC diet negatively impacted (P < 0.05) FCR in the starter and grower phase compared to the PC (Table 6 ). The inclusion of phytase at both inclusion rates improved (P < 0.05) starter and grower FCR compared to the NC and to levels that were similar to the PC diet. During the finisher phase, no differences were observed between the PC and NC diets; however the aP deficient NC diet yielded the highest observed FCR. The inclusion of phytase at 500 U/kg reduced (P < 0.05) finisher phase FCR compared to the NC diet. Cumulatively through d 28 and d 42, the reduction of aP in the NC diet increased (P < 0.05) FCR compared to the PC diet; the inclusion of phytase at both inclusion rates improved (P < 0.05) FCR to levels that were similar to the PC diet (Table 6 ). A linear relationship (P < 0.005) was observed between starter, grower, and cumulative FCR and phytase inclusion; as phytase increased from 0 to 2,000 U/kg FCR was improved. At the conclusion of the trial on d 42, the aP deficient NC resulted in a higher (P < 0.05) mortality than the PC diet; the inclusion of phytase was able to overcome these effects, with no impact on mortality being observed between the PC and phytase treatments.
Reducing dietary aP reduced (P < 0.05) FC compared to the PC throughout the experiment. Supplementing the aP deficient diet (NC) with phytase at 500 U/kg increased (P < 0.05) FC during the starter phase to levels that were similar to the PC diet; the Table 5 . Average body weight, mortality corrected feed conversion ratio (FCR), and mortality of male broilers fed a low phosphorus diet Control diets were adjusted for both Ca and npp (non-phytate phosphorus) to meet the needs of birds depending on phase (starter/grower/finisher). The Negative Control diet had an aP level of 0.28, 0.24, 0.20 for the starter, grower, and finisher phase, respectively. The Positive control diet was adjusted for both Ca and npp (non-phytate phosphorus) to meet the needs of birds depending on phase (starter or grower). Limestone and dicalcium phosphate was added to achieve an available phosphorus (aP) level of 0.45% aP in the Starter, 0.41% aP in the Grower, and 0.38% aP in the Finisher. The levels of available calcium were 0.93% PC1 Starter, 0.84% Grower, and 0.77% in the Finisher.
2 CIBENZA PHYTAVERSE G10, Novus International, St. Charles, MO. Table 6 . Calculated amino acid digestibility coefficients of male broilers fed low phosphorus diet 1 (1 to 42 d). a-c Means in columns with different superscripts differ significantly at P ≤ 0.05. 1 Control diets were adjusted for both Ca and npp (non-phytate phosphorus) to meet the needs of birds depending on phase (starter/grower/finisher). The Negative Control diet had an aP level of 0.28, 0.24, 0.20 for the starter, grower, and finisher phase, respectively. The Positive control diet was adjusted for both Ca and npp (non-phytate phosphorus) to meet the needs of birds depending on phase (starter or grower). Limestone and dicalcium phosphate was added to achieve an available phosphorus (aP) level of 0.45% aP in the Starter, 0.41% aP in the Grower, and 0.38% aP in the Finisher. The levels of available calcium were 0.93% PC1 Starter, 0.84% Grower, and 0.77% in the Finisher. inclusion of phytase at 2,000 U/kg increased (P < 0.05) FC compared to all other treatments (Table 5) . During the grower and finisher phases, the inclusion of phytase at 500 U/kg increased (P < 0.05) FC compared to the NC diet, however did not reach levels of the PC. The inclusion of phytase at 2,000 U/kg increased (P < 0.05) FC in the grower and finisher phase compared to the NC to levels that were similar to the PC diet. At the conclusion of the trial on d 42, the reduction of dietary aP decreased (P < 0.05) cumulative FC compared to the PC diet; the inclusion of phytase at both inclusion rates increased (P < 0.05) FC compared to the NC diet; however the inclusion of phytase at 2,000 U/kg increased (P < 0.05) FC to levels that were comparable to the PC diet. At the conclusion of the experiment, the aP deficiency in the NC diet reduced (P < 0.05) bone ash weight and percent compared to the PC diet. The inclusion of phytase at both 500 and 2,000 U/kg increased (P < 0.05) bone ash weight and percent compared to the NC to levels that were similar to the PC diet. Linear regression analysis determined as phytase inclusion increased, FC (P < 0.001) and bone mineralization (P < 0.001) increased. Amino acid digestibility was determined at the conclusion of the trial on d 42 (Table 6 ). The reduction of dietary aP reduced (P < 0.05) digestibility coefficients of alanine, aspartic acid, cysteine, glycine, histidine, isoleucine, lysine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, TEAA, TNEAA, and TAA compared to the PC diet. The inclusion of phytase at 500 U/kg did not impact amino acid digestibility coefficients compared to the NC diet in all measured amino acids, and remained lower than the PC. The inclusion of phytase at 2,000 U/kg yielded similar amino acid digestibility coefficients as the PC in all measured amino acids. No impact was observed with arginine, methionine, and valine digestibility between the PC and NC or with the inclusion of phytase at both inclusion rates.
DISCUSSION
In plant-based diets such as corn and soybean meal, approximately two-thirds of P is bound to phytate and unavailable to poultry. The most efficient strategy to maximize P utilization is through supplementation with exogenous phytase. It has been well established that phytase supplementation in low-P diets benefits utilization of phytate bound P (Coweison et al., 2006) , and has been documented to improve weight gain, bone ash percentages, and nutrient utilization in broilers (Shirley and Edwards, 2003; Dilger et al., 2004; Cowieson et al., 2006; Olukosi et al., 2007) . The objective of the current study was to determine if increasing concentrations of an evolved phytase would further benefit growth performance, tibia bone ash, AME, and amino acid digestibility in broilers fed low P diets.
The evolution and reported biochemical analysis performed on this evolved 6-phytase suggest that advancements in performance has been achieved that could potentially translate into an efficacious enzyme feed additive. However, the strategy employed to engineer the phytase molecule is based on simple tools and assumptions that help guide protein evolution, but do not take into account the true complexity of the digestive tract of monogastric animals. The movement of feed in the digestive tract, the influence of gut health on nutrient absorption, and the role that complex microbiota play on digestion are difficult to model in the lab to any degree of confidence. Therefore, animal trials are required to support and confirm advancements in the development of animal feed enzymes.
One of the earliest reports that investigated the effects of increasing concentrations of phytase (Aspergillus ficuum) in chicks was by Nelson et al., (1971) where phytase was supplemented between 950 and 7,600 FTU/kg in diets with an aP of 0.12%. The response to phytase for 21 d weight gain and bone ash percent was log-linear but maximized at 7,600 FTU/kg for weight gain and bone ash; they were increased by 131% and 59%, respectively, compared to the control diet. Shirley and Edwards (2003) reported that broilers fed diets deficient in total P of 0.46% achieved maximum performance with phytase supplementation (Aspergillus niger) of 12,000 U/kg as body weight gain, feed intake, and gain:feed ratios became equivalent to the control diet, suggesting that higher supplemental phytase levels may increase the overall benefit. A study conducted by Manobhavan et al. (2015) utilized a 6-phytase derived from Escherichia coli supplemented in low P diets (0.32% aP during the starter and 0.28% aP during the finisher) at 500, 2,500, and 5,000 FTU/kg. Broilers fed diets supplemented with phytase at 2,500 and 5,000 FTU/kg yielded an increase (P < 0.05) in body weight gain and feed intake compared to phytase supplementation of 500 FTU/kg and the control (normal P -0.45% aP in the starter and 0.40% aP during the finisher). Improvements in body weight were observed with phytase inclusion at all inclusion rates (250, 500, and 2,000 U/kg) compared to the NC diet; however phytase supplementation at 2,000 U/kg yielded an increase in body weight and feed consumption compared to lower levels of phytase supplementation (250 and 500 U/kg) and control diets (PC and NC). This increase in growth performance may be partially attributed to the increase in feed consumption and greater utilization of P.
Cumulative feed consumption in the current study yielded a linear increase (P < 0.001) as phytase inclusion increased (250 to 2,000 U/kg in Experiment 1; 500 to 2,000 U/kg in Experiment 2) from 1,038.5 to 1,210.9 g/bird in Experiment 1 and from 3,988 to 4,352 g/bird in Experiment 2 (Table 3) . Similar results were reported by Shirley and Edwards (2003) with a linear increase in feed intake from 381 g/chick with no phytase supplementation to 595 g/chick with 12,000 U/kg of phytase, yielding comparable results to the control diet. A study conducted by Pirgozliev et al. (2008) reported an average increase in feed intake of 11.7% in birds fed diets supplemented with phytase (evolved E. coli-derived phytase) compared to un-supplemented diets. The inclusion of phytase at 500 FTU/kg increased feed intake by 14.5% compared to the un-supplemented diet; with further increases of 22% in diets supplemented with phytase at 2,500 FTU/kg. Manobhavan et al. (2015) reported increases in feed intake with phytase supplementation at 2,500 and 5,000 FTU/kg compared to the control and phytase at 500 FTU/kg. The results of the present study show that broilers benefit from high doses of dietary phytase, and there was a linear relationship between feed consumption, body weight, and phytase activity (Table 3 ).
In the current study, the inclusion of phytase at all inclusion rates (P < 0.05) improved FCR to levels of the positive control diet. Pirgozliev et al. (2010) reported improvements in feed conversion efficiency by an average of 9.4% with phytase supplementation (E. coliderived phytase) compared to the low P diets (2.5 g/kg aP in the NC vs. 4.7 g/kg aP in the PC). The differences became even more pronounced to 10.1% when supplementing low P diets with phytase at 12,000 FTU/kg. Cowieson et al. (2006) reported that phytase supplementation (E. coli 6-phytase) in low P diets (3 g/kg aP) at either 2,400 or 24,000 FTU/kg improved FCR by 14% compared to broilers fed a diet with adequate supplies of P (5 g/kg aP). Pirgozliev et al. (2008) reported that the addition of phytase at 2,500 FTU/kg improved feed conversion efficiency by approximately 3.9%. The author also reported that a linear response to enzyme was observed with the inclusion of phytase at 2,500 FTU/kg yielding a significant improvement in weight gain (7.3%) and feed conversion efficiency (4.3%) compared to phytase inclusion at 500 FTU/kg. The improvements in FCR with phytase inclusion in the current study were more pronounced than previous authors have reported as an average of 18.1% improvement was observed compared to the low P diet.
Increases in tibia ash percentage are a good indication of increased bone mineralization due to the increased availability of P, Ca, Zn, and Cu from the phytate-mineral complex by the action of phytase (Sebastian et al., 1996) . Cowieson et al. (2006) reported that phytase supplementation in low P diets improved apparent retention of P, K, Na, Mg, S, Cu, Fe, and Mn, which was increased compared to birds fed adequate levels of P. In the present study, tibia bone ash weight and percent were increased with the inclusion of phytase at all inclusion rates (250, 500, and 2,000 U/kg) compared to the low P diet. Similar observations were observed by Nelson et al. (1971) with increases in bone ash percent with the addition of phytase at 3,800 and 7,600 FTU/kg. Shirley and Edwards (2003) observed that phytase supplementation (0 to 12,000 FTU/kg) in low P diets improved tibia ash percent from 26 to 41% and tibia ash weight from 0.200 to 0.601 g/tibia. In the current study, tibia ash weight was improved with phytase supplementation (0 to 2,000 U/kg) from 1.94 to 2.81 g/tibia in Experiment 1 and from 474.7 to 953.1 g/tibia in Experiment 2; tibia ash percent was improved from 41.96 to 47.51% in Experiment 1 and from 40.94 to 48.14% in Experiment 2. These improvements in tibia bone ash weight and percent suggest that mineral availability was increased with the supplementation of phytase in low P diets. Linear regression analysis was conducted to determine P equivalency values for body weight gain, tibia bone ash weight, and tibia bone ash percent for Experiment 1. Phytase inclusion of 250 U/kg yielded P release between 0.12% and 0.15% whereas, the inclusion of phytase at 2,000 U/kg yielded P release between 0.21% and 0.24%.
Increases in AME observed in the current battery experiment corresponds with many published manuscripts. Namkung and Leeson (1999) reported higher (+1%) AME n (P < 0.01) with phytase supplementation compared to the control. Ravindran and Bryden (1997) observed a 3.5% increase in AME with phytase inclusion from 3,109 kcal/kg to 3,217 kcal/kg on a DM basis. Coweison et al. (2006) reported an average increase in AME n of 120 kcal/kg with phytase compared to the NC. A study conducted by Shirley and Edwards (2003) observed an increase in AME n from 3,216 kcal/kg without phytase to 3,415 kcal/kg with 12,000 U/kg of phytase. Pirgozliev et al. (2008) reported that the intake of AME was improved (P < .001) by approximately 14 and 18.3% for birds fed diets supplemented with 500 and 2,500 FTU phytase, respectively, compared to birds fed un-supplemented diets. Similar increases were observed in the current study with increases of 13% in AME compared to the NC diet.
In Experiment 1, phytase inclusion at 250 U/kg increased digestibility coefficients of all measured amino acids compared to the low P diets to levels that were similar to both positive control diets. Little to no gain was observed with phytase inclusion above 250 U/kg. Cowieson et al. (2006) reported that the coefficients of digestibility of all amino acids were improved with the addition of phytase at 150 or 300 FTU/kg, with little improvement from adding phytase above 600 FTU/kg. In both of these instances, amino acid digestibility coefficients were measured in young birds; in the current trial on d 21 and on d 16 in the trial conducted by Cowieson et al. (2006) ; suggesting that in younger birds amino acid digestibility is maximized between 250 and 300 U/kg of phytase. Namkung and Leeson (1999) reported that chicks fed phytase had higher digestibility for total amino acids, nonessential amino acids, valine and isoleucine, and essential amino acids. In Experiment 2 of the current study, increases were observed in amino acid digestibility coefficients with the addition of phytase at 2,000 U/kg compared to the low P diet; yielding similar results of the PC. Additional improvements were observed when supplementing phytase at 2,000 U/kg compared to phytase supplementation at 500 U/kg. Amino acid digestibility coefficients were measured on 42 d old birds; therefore high concentrations of phytase inclusion may benefit amino acid digestibility in mature broilers. Amino acid digestibility coefficients were improved with phytase supplementation; however there was a large variation in response that was dependent on the amino acid. Similar results were observed by Cowieson et al. (2006) where the digestibility coefficient of arginine was improved by only 2% with phytase supplementation, whereas improvements for valine, threonine, isoleucine, aspartic acid, and alanine were between 4.5 and 5.6%. It is clear that influences on amino acid digestibility with phytase supplementation vary depending on the individual amino acid and the age of the bird. This evolved 6-phytase demonstrated increased P equivalency values greater than 0.10 to 0.12 which is historically the phosphorus equivalency value reported when supplemented at 500 U/kg. Supplementation at elevated levels (2,000 U/kg) resulted in growth improvements beyond the PC indicating an extraphosphoric effect. These data demonstrate the ability of an evolved 6-phytase to achieve improvements in growth performance beyond the historical phosphorus equivalency value of 0.10% to 0.12% aP when supplemented at 500 FTU/kg and that elevated levels of inclusion can result in performance greater than broiler fed diets adequate in available phosphorus with related to increases in feed consumption and nutrient digestibility.
